Abstract & Key message In order to record the seasonal changes in aboveground biomass production (trunk and branches) in a forest, changes in wood density must be taken into account. A 60-year-old beech forest displayed a large intra-annual variability in its aboveground woody biomass production efficiency. This variation followed a seasonal trend with a maximum during the summer while gross primary production was rather low. & Context In the current context of land use and climate change, there is a need to precisely quantify the carbon (C) balance of forest ecosystems, and more specifically, of C allocation to tree compartments. & Aims We quantified the seasonal changes in the aboveground biomass production (aBP) of a beech forest growing on two different soils: an alocrisol and a calci-brunisol. In addition, for the alocrisol ecosystem, we assessed the existence and degree of intra-annual variability in the ratio of wood aBP to gross primary production (GPP), i.e., the wood aBP efficiency.
& Methods The study site is a 60-year-old beech forest in northeastern France. An eddy covariance tower records continuously net ecosystem exchange. To investigate the temporal changes in aBP, mini-cores were drilled and diameter at breast height measurements were taken on a monthly basis from 45 trees for both stands studied over 2014. & Results A clear difference in aBP was observed between the two soils with the alocrisol being more productive than the calcibrunisol. For the alocrisol, both woody aBP and GPP changed over the course of the year, reaching peak values during June (6 and 12.5 gC m −2 day −1
Introduction
As ecosystem management evolves in the context of climate change, understanding and quantifying terrestrial ecosystem carbon (C) sequestration as well as the growth and maintenance of ecosystem services have become major research goals. Climate change is linked to increasing concentrations of greenhouse gases in the atmosphere (IPCC 2013) , with carbon dioxide (CO 2 ) being one of the most important (Cox et al. 2000) . CO 2 concentrations have increased by 2.0 ppm per year since the 1980s, and have now reached 399.4 ± 0.1 ppm (Quéré et al. 2016) . That is why long-term CO 2 mitigation is such an important issue, inspiring research focused on CO 2 exchange between the atmosphere and the terrestrial environment, and on carbon allocation and its more or less long-term storage in ecosystem (Trumbore 2006 ). In the carbon cycle, gross primary production (GPP) is the difference between production by photosynthesis and release by photorespiration. The net ecosystem exchange (NEE) is the sum of the carbon absorbed via photosynthetic processes (GPP) and the carbon released into the atmosphere through plant dark respiration and soil organic matter decomposition (hereafter Reco).The CO 2 budget of an ecosystem is equivalent to the NEE when dissolved CO 2 escaping in the runoff water is negligible. This is typically the case in beech ecosystems of northeastern France (Kindler et al. 2011) .
In assessing how the ecosystem uses absorbed C, another important term is "carbon use efficiency" (CUE), which is defined as the net primary production (NPP) to GPP ratio (Gifford 2003; DeLucia et al. 2007 ). NPP is not easy to record, since it is the sum of aboveground biomass production (which can be obtained from repeated inventories), belowground biomass increment, mycorrhizal fungus productions, root exudates, and the emission of volatile organic compounds. These last three types of C release can account for an NPP between 2 and 50% (Kesselmeier et al. 2002) and are difficult to measure or estimate. Consequently, many studies use biomass production (BP, gC m −2 ), which is available through direct measurements in the field, as a proxy for NPP when estimating CUE (Gifford 2003; Drake et al. 2011; Goulden et al. 2011) . Then, to avoid misinterpretation, Vicca et al. (2012) introduced a new term, "biomass production efficiency" (BPE), defined as the ratio between BP and GPP for a given ecosystem. Biomass production includes all the biomass produced during the year (aboveground and belowground, including litter), so BPE represents the fraction of the absorbed C dedicated to the elaboration of organic biomass. At the annual scale, BPE depends on different factors. According to Vicca et al. (2012) , the availability of nutrients seems to positively impact BPE. The management regime applied to the ecosystem (Campioli et al. 2011 (Campioli et al. , 2015 can also influence BPE through its impact on nutrient availability. BPE can also vary with species, as shown by Ryan et al. (1997) ; indeed, in their study on plots with two different climate conditions and hosting different species, they highlighted that BPE differed significantly among species, never between sites. In addition, different types of ecosystems have different BPEs; for example, crops usually have a higher BPE (Aubinet et al. 2001 ) than forests (Malhi et al. 1999; Granier et al. 2000; Vicca et al. 2012; Wu et al. 2013) or grasslands (Ammann et al. 2007; Klumpp et al. 2007 ). The share of GPP allocated aboveground or belowground varies depending on atmospheric CO 2 concentrations (Matamala et al. 2003 , and demonstrated in CO 2 fertilization experiments; Norby and Zak 2011) and on nutrient availability (Sheriff et al. 1986; Giardina et al. 2003) . Annual BPE in forest ecosystems has been investigated, and a model simulating inter-annual growth exists for coniferous forests (Schiestl-Aalto et al. 2015) . We still need more knowledge on a larger number of species in order to get a better and larger spatial representativeness. When the intraannual dynamics of forest BP are investigated, it is important to take into account the time lag between biomass production and radial growth. This lag is due to the increase in wood density during the growing season (Cuny et al. 2015; Rathgeber et al. 2016) , which calls into question calculating BPE with BP values estimated from radial growth only. Furthermore, little is known about the impact of soil type, species, or climate on intra-annual BPE variations (Steppe et al. 2015) , and this reflects remaining uncertainties in the models used to predict the spatial variability and the dynamics of C allocation (Campioli et al. 2013) .
The aims of this study were, firstly, to obtain a better understanding of intra-annual carbon allocation in a temperate beech forest by quantifying wood aboveground biomass production efficiency (aBPE) from GPP and actual aboveground tree carbon sequestration, which was estimated from volume increment, wood density, and changes in C concentration. In particular, we wanted to examine the seasonal time course in wood aBPE. To date, tree wood production calculated from volume increase ) assumed a fixed density (Delpierre et al. 2016 ). However, Rathgeber et al. (2016) have assessed different stages in annual ring formation which leads to variations in wood density during the year: the creation of new cells, the enlargement of those cells, deposition of the secondary cell wall, lignification, and lastly, cellular death.
In this paper, we aimed to check whether keeping a constant C allocation throughout the year is an acceptable hypothesis. We also aimed at identifying the factors that contribute to seasonal fluctuations of wood aBP, and particularly at quantifying the contribution of intra-annual variations in wood density. We also wanted to know whether the intra-annual variation in wood density had an impact on the wood aBP seasonal time course in beech trees.
This study also provided us with an opportunity to compare the wood aBP for two beech stands under the same climatic conditions but on two different soils.
In order to answer those questions, we recorded GPP, wood density, and aBP at a monthly time scale in two beech stands from northeastern France. Two forest stands located in northeastern France.
Material and methods

Study site
The study site is located in the state forest of Montiers-surSaulx ("Montiers") (48°32′ 11.85″ N-5°18′ 48.96″ E, Lorraine, northeastern France), managed by the French National Forest Office (ONF). The stand is even-aged (60 years old) and composed mainly of beech (Fagus sylvatica L.; 88% of the stems, with diameter at breast height (DBH) classes and dominance classes similar for the other species). The accompanying tree species are sycamore maple (Acer pseudoplatanus L.) and hornbeam (Carpinus betulus L.); understory vegetation is scarce. Average tree height is 25 m, density is about 800 stems/ha, and leaf area index (LAI) is 9. The last thinning occurred in 2010.
The forest is located on a 133-ha topo-sequence, with three main soil types (alocrisol, calci-brunisol, and rendisol, RP 2008 denomination) . aBP was estimated for two of these soil types (alocrisol and calci-brunisol), and, because of the eddy covariance footprint (described below), only one (alocrisol) was found to be of interest for our study of aBPE. The characteristics of both stand are described in Table 1 
Eddy covariance and meteorological measurement
Experimental setup
The main piece of equipment at the forest site is a flux tower (45 m height) set up at the end of 2012 bearing an eddy covariance (EC) system consisting of an enclosed infra-red CO 2 /H 2 O gas analyzer (IRGA, Li-7200, LI-COR, Lincoln, NE, USA) coupled with a 3D sonic anemometer (HS-50, Gill, Hampshire, UK). This system continuously measures CO 2 exchanges at 35 m in height (about 10 m above the forest canopy). The flux tower is also equipped with a system to estimate the amount of CO 2 stored in the air between the soil surface and the EC system. This second system measures CO 2 at different heights along the tower (5, 10, 15, 25, 35 m) making it possible to calculate CO 2 accumulation or absorption (positive or negative values) in and below the forest canopy (storage flux, F sc ) as described in Aubinet et al. (2001) .
Supporting meteorological instrumentation includes a vertical atmospheric profile system with six probes to measure air temperature and relative humidity (HMP155, Vaisala, Vantaa, Finland) and six 2D sonic anemometers (WindObserver 2, Gill, Hampshire, UK) at 5, 10, 15, 25, 35, and 45 m along the tower; a pyranometer for global radiation (CMP21, Kipp & Zonen, Delft, Netherlands); a direct/diffuse photosynthetically active radiation (PAR) sensor (BF5, Delta-T Devices Ltd., Cambridge, England) and a net radiometer to measure incident and reflected/emitted components of shortwave (SW) and longwave (LW) radiation (CNR4, Kipp & Zonen, Delft, Netherlands). All the radiation sensors are installed at the top of the tower. A phenological camera (StarDot NetCam SC5) is installed at 35 m in height.
Flux and meteorological data processing
Half-hourly NEE values correspond to the sum of CO 2 flux (F c , measured by the EC system) and storage flux (F sc , measured by the CO 2 profile system). Divergence from normal CO 2 horizontal advection values (F a ) was excluded since the half hours for which it was significant could not be taken into account because of the u* threshold selection (see below). F c values are obtained by post-processing the EC system data with the EddyFlux software (EddySoft, Meteotools, MPI, Jena) following the recommendations by Aubinet et al. (1999) . The 2D rotation option was selected, as suggested by Finnigan (2004) and Rebmann et al. (2012) , and no corrections for high-frequency loss were applied since the air sampling in the LI-7200 is so short (Burba et al. 2012 ). In addition, LI-7200 does not require any post-treatment for air density variations since high-frequency pressure and temperature are both measured in the analyzer and used online to determine the mixing ratio measurements (Burba et al. 2012 ).
Data quality control was carried out as follows: (i) aberrant values corresponding to technical problems and inappropriate measurement conditions (liquid water disturbing IRGA or anemometer functioning) were removed; (ii) half hours with a u* below the threshold (0.35 m s −1 on our site, determined following the procedure presented in Longdoz et al. (2008)) were not accepted, thus eliminating periods without enough eddies;
and (iii) data corresponding to inappropriate atmospheric conditions for EC (i.e., atmospheric stability or data not fulfilling the integral turbulence characteristic (ITC) test (Beziat 2009)) were rejected. Unaccepted and missing (failure, maintenance) data were then gap-filled with values computed following the procedure in Falge et al. (2001a Falge et al. ( , 2001b ). The resulting NEE was then partitioned between GPP and Reco for the leafy period following Reichstein et al. (2005) , as no GPP occurs during the leafless period and was therefore set at 0 during this period. The dates of the beginning and end of the growing period were set by simultaneously following changes in NEE and observing leaf development on the pictures taken three times a day by a camera placed at the top of the tower (phenocam; StarDot NetCam SC 5MP). For 2014, the starting date (budburst) was 10 April, complete development 5 May, and ending date 15 November. GPP and Reco were partitioned by extrapolating Reco which is dependent on temperature, from night fluxes when |NEE measured | = |Reco| and applying them to daytime situations (|GPP| = |NEE measured | − |Reco estimated |). Dependence of Reco on temperature (fitted over a 10-day interval) was preconized by Lloyd and Taylor (1994) . We obtained Reco from the following regression equation:
where Reco 10 is ecosystem respiration at 10°C (μmol m
), T is the soil temperature at 10 cm (°C), E 0 is the activation energy (308.56 kJ mol and T 0 is the activation temperature (− 46.02°C). Not accounting for soil water content (SWC) in the regression could lead to overestimating GPP; however, in our case, no water stress was observed during the study year (2014). Relative extractable soil water (REW), recorded during 2014, never declined below the 0.4 threshold below which water shortage effects begin (Granier et al. 2007 ).
Biomass
Instrumentation and sampling campaigns
Monitoring aboveground tree wood biomass implies quantifying wood volume increment and temporal changes in wood carbon content and wood density. In our study, both instrumentation and sampling were designed to measure all these parameters. At each stand, 45 beech trees distributed across the DBH classes (9 in every DBH class shown in Fig. 1 for each stand) to accurately represent the total population were equipped with manually read dendrometers, to measure diameter at breast height (DBH) once every month during the growing season (6 May, 6 June, 1 July, 29 July, 26 August, 23 September, and 23 November).
To estimate the C content in trunk wood, some samples (980; seven mini-cores per tree and 35 trees for each of the 7 sampling campaigns) were taken from beech trees located outside of the station, using a Trephor® (Rossi et al. 2006) , out of 14 tree trunks on the alocrisol and 21 trunks on the calci-brunisol. The sampled trees were representative of the healthy growing population (see Fig. 1 for the DBH distribution) on the two stands. For the alocrisol, this led to the selection of seven trees from the 13-to-28-cm DBH class plus seven trees with a DBH above 28 cm. For the calcibrunisol, in addition seven trees were selected from the 8-to-13-cm DBH class.
In addition to the mini-core sampling, every month from April to November 2014, several micro-cores (1.5-2.0 cm long and 2 mm in diameter) were taken from 14 dominant (D > 88 cm) trees not used for the mini-cores (seven on each stand), in order to assess wood formation and density dynamics. Cores were taken with a Trephor® all around the stem, 10 cm away from each other (Rossi et al. 2006) (Fig. 2) .
Processing samples and biochemical analysis
Each mini-core used for C content was placed in liquid nitrogen immediately after sampling and stored in a specific container. They were then stored at − 80°C before being freezedried. The ring under formation was then cut away from each mini-cores and milled into a powder which was passed through an elemental analyzer (ThermoQuest) to determine C and N concentrations.
Monthly wood density was determined through an optical process carried out on the micro-cores following procedures described in Harroué et al. (2011) and Cuny et al. (2012) . After sampling, the micro-cores were rapidly returned to the lab, and successively cleaned, dehydrated, and immersed in baths of ethanol, D-limonene, and paraffin (automatic tissue processor STP 121, MM, France). They were then embedded in paraffin blocks (Embedding Station EC 350, MM, France). Finally, thick transverse sections were sliced off (Rotary microtome HM 355S, MM, France), stained with cresyl violet acetate, and permanently mounted on glass slides with Histolaque LMR® for long-term observation. Wood density was then determined on those glass slides.
Biomass production and determining efficiency
2.4.1 Aboveground wood biomass production aBP (gC m −2 day −1 ) is the production of aerial wood (aBPw, trunk, and branches). aBPw was calculated as the sum of the individual values for all the sampled trees Fig. 1 DBH distribution of 60-year-old beech trees on two sites: one on an alocrisol (dark bars) and one on a calci-brunisol (gray bars) located in northeastern France. On each stand 9 trees were selected for each DBH class and were used to get the monthly DBH growth at a station (aBPw i ) divided by the station surface area (S in m −2 ):
where aBPw i is the difference between two successive estimations of aboveground tree woody carbon biomass (aBw in gC) divided by the number of days separating these estimations (every 4 weeks during the growing season). aBw was estimated according to the following equation:
where DMaw is the aerial wood dry matter (gDM) and Caw is the carbon concentration (gC gDM −1 ).
One Caw value (Eq. 3) was deduced for each month and for each dominance class, by averaging the results of the carbon analysis over the seven samples per class (see above).
DMaw was determined by summing the dry biomass from each tree woody (i.e., excluding leaves) component:
with DMb 0-4 , DMb 4-7 , and DMb 7+ corresponding to branches with diameters of respectively 0-4, 4-7, and > 7 cm; DMtb corresponding to trunk bark; and DMw corresponding to trunk wood. All dry biomass values were estimated separately by u s i n g a l l o m e t r i c e q u a t i o n s c o m b i n e d w i t h a transformation from volume to dry biomass, and were specifically parameterized for the Montiers forest (Calvaruso et al. 2017 ). where D is the diameter at breast height (DBH, m), age is the age of the tree (years), H is the tree height (m), and Rρ w is the relative wood density corresponding to the ratio of the wood density current value over the final value obtained when wood formation was finished. As in Calvaruso et al. (2017) , the equations Eq. 4b-f were elaborated at the end of the growing season when Rρ w equaled 1. For the age factor ("age" in Eq. 4), we used only one value per dominance status and per stand. This value was the mean estimated age for seven trees which were cut during a thinning operation at the end of the 2014 growing season and whose rings were counted on the stump.
The relative wood density Rρ w (Eq. 4) (one value per month and per station) corresponds to the relative optical density (ratio of current monthly value to final value when wood Fig. 2 Intra-annual changes in wood density in relative value to the one at the end of the year (wood density of 1) formation is completed) measured on the additional trunk micro-cores.
D was measured with manual dendrometers every 4 weeks during the growing season on 45 trees (see Sect. 2) on each stand (90 trees in total). For the other trees (n = about 1600), D was measured with a diameter tape in November 2013 and November 2014, and a percentage of the annual increase was allocated to each month to obtain the monthly D estimate. These percentages were determined by status class (see below) rather than for each tree individually. The trees at each station were classified into three different dominance status classes (dominant/co-dominant, intermediate, and suppressed); the class-percentage values correspond to the average value for all the trees in the same status class as measured with the band dendrometers. The grouping strategy was based on classes having an average annual diameter growth that was significantly different (p value < 0.05).
Height H was assumed to be constant throughout the year and was assessed by measuring 230 trees in November 2013 with a Vertex telemeter. For the remaining trees (n = 1370) inside the measurement area, H was calculated via an allometric relationship (Eq. 5) fitted to the measurement date in November 2013 (Calvaruso et al. 2017) .
where a, b, and c are parameters estimated by regression for each stand and D corresponds to DBH at the start of the 2014 growing season.
Aboveground biomass production efficiency
Wood aboveground biomass production efficiency (wood aBPE) was calculated as the ratio of wood aBP on GPP (with all the variables in gC m −2 day −1 and integrated over a given period), as defined in Vicca et al. (2012) . Wood aBPE was determined monthly with the monthly wood aBP values and the sum of daily GPP over the corresponding period. In order to obtain the wood aBPE for the two different stands, the temporal changes representative of each soil type must first be estimated. We partitioned the eddy covariance fluxes between the two site areas, thanks to footprint analyses (see Sect. 2.5.2 below). Unfortunately, half-hour data showing a flux of more than 40% in the calci-brunisol ecosystem were relatively rare (less than 5% of the dataset). It was therefore not possible to extract any specific trend in GPP estimation for the calci-brunisol station. As a result, we only used GPP data representative of the alocrisol station and only characterized the alocrisol aBPE.
Data analysis
Statistical test
A linear regression model was used to determine if Reco depended on different factors (air temperature, soil relative extractable water (REW), global radiation, and GPP). The effects of mean air temperature and GPP were also tested. We used the same tool to test the relationship between GPP and global radiation, and the residuals of this relationship were then tested against vapor pressure deficit (VPD), air temperature, and REW. A statistical test was used to assess whether or not a distinction between the wood aBP at the two stations (on the two different stands) was necessary. As our wood aBP data did not follow a normal distribution, we chose a nonparametrical test (Kruskal-Wallis). The confidence interval were calculated as the standard deviation divided by the square roots of the number of samples.
All the data processing and analysis were carried out with the R 3.0.2 software (R Core Team 2013).
Footprint analysis
The Kljun et al. (2004) footprint model, high-frequency anemometer data, and the soil type map were all employed to determine the percentage of the CO 2 eddy covariance fluxes coming from the areas located on the alocrisol and calcibrunisol stands. This operation was repeated for each half-hour.
Data availability
The datasets generated during and/or analyzed during the current study (corrected fluxes, aBP, and aBPE) are available from the corresponding author on request.
Results
Meteorological and flux data
The weather during 2014 was comparable in terms of air temperature and precipitation to the 1934-2015 average recorded at a weather station nearby (less than 40 km; Table 2 ). Air temperature dropped once (August 17) and peaked three times (9 June, 19 July, 8 September), and daily global radiation followed an usual distribution with three noticeable drops (5 May, 9 July, 12 August) (Fig. 3) .
In 2014, the site presented a negative NEE of − 549 gC m −2 , which indicates that C was being stored in the ecosystem. Cumulated Reco amounted to 1089 gC m −2 and GPP to − 1639 gC m −2 (Table 1 (b) ).
The leafy season began on 10 April, as assessed with the phenological camera, and ended on 15 November 2014. The curve representing cumulative GPP for the periods we included (most of the time for 28 days per period) is presented in Fig. 4b . GPP increases to a peak value of 12.9 gC m −2 day −1 in June 2014, after which it decreases until November.
Biomass
Annual biomass production
In 2014, the alocrisol ecosystem produced more biomass (22% in total aBP, 25% in wood BP) than the calci-brunisol ecosystem.
For the complete year 2014, the aboveground BP as determined from our inventory campaigns and allometric relationships reached 652.27 gC m −2 at the alocrisol station (S1) and 514.15 gC m −2 at the calci-brunisol station (S2) with a woody BP corresponding respectively to 555 and 416.3 gC m −2 (Table 1 (b) ).
Intra-annual variation in biomass production
There were large seasonal variations (from 1 in April to 5.7 gC m −2 day −1 in June for the alocrisol station) in wood aBP (Fig. 5) . Though not symmetrical, the general dynamics at both stations were similar, with the highest aBP during June a b Fig. 3 Time course of daily mean air temperatures (in°C) and daily cumulated global radiation (in mm) during the year 2014 obtained at the EC tower Fig. 4 Daily changes in NEE, Reco, and GPP fluxes during 2014 (a) and in cumulated GPP for the periods corresponding to BP estimates (b) Fig. 5 Intra-annual changes in woody aboveground biomass production in the year 2014 for the alocrisol station under the hypothesis of a constant density (of 1) or of a variable and recorded density (black and black striped bars) and for the calcibrunisol station under the same hypothesis as previously cited (gray and gray striped bars). Error bars represent confidence interval (5.7 and 4.9 gC m −2 day −1 for the alocrisol and calci-brunisol, respectively) then a decrease at the end of the growing season. For nearly every monthly period, the difference between the two stands was significant (p value < 0.05; Fig. 5 ), with the alocrisol consistently producing more biomass than the calcibrunisol except for the period from 29 July to 25 August.
Effects of correcting for density
Equation 4a-f includes both allometric relationships (transforming DBH and height to volume) and transforms volume to dry biomass. The latter calculation requires accounting for the final wood density value at the end of the 2014 growing season (Eq. 4a-f was established at the end of the season). This means that using Eq. 4a-f for monthly wood aBP estimates throughout the year 2014 (when wood density was lower than the final value) would lead to an overestimation of woody aBP. Therefore, we used the density measured monthly to calculate corrections for wood aBP. The trend for relative wood density (ρ w in Eq. 4) is presented in Fig. 2 . Density increases from 0.7 to 1 with an especially clear rise at the beginning and end of the growing season. The degree of overestimation for woody aBP when temporal variations in density are not taken into account can be estimated by comparing the results with and without this correction. Differences between corrected and uncorrected values of aBP range from 4 to 54% (Figs. 2 and 5) , the larger percentage corresponding to the first period, when wood density is smallest. If the final wood density was used throughout the year for the different periods, the overestimation for total annual aBP would be 20%.
Biomass production efficiency
The wood aBP of the beech trees represented 34% of the annual GPP (Table 1 (b) ). There was a clear, very large intra-annual variation in woody aBPE which climbed from April to a peak value of 0.6 in July (Fig. 6) , then fell by 50% to 0.25 between July and August, then continued to decrease regularly, reaching 0.11 in September. Finally, a single, final rise to 0.24 occurred in November.
Discussion
Meteorological and flux data
Our site was an important C sink during the study year, and this is normal for beech forests in northeastern France . When no water limitation is recorded, Reco is limited only by C supply and enzymatic activity (T), and GPP is limited by global variation.
NEE (− 549 gC m , Table 1 (b) ). This NEE value was especially due to a higher-than-usual GPP (− 1639 gC m −2 for our alocrisol station compared with 1016 to 1880 gC m −2 and a mean value of 1820 ± 805 gC m −2 in the literature (Valentini et al. 1996; Malhi et al. 1999; Granier et al. 2000 Granier et al. , 2008 combined with a relatively standard Reco value (1089 gC m −2 for our alocrisol station compared with 544 to 1425 gC m −2 and a mean value of 1136 ± 373 gC m −2 in the literature).
Biomass production
In the literature, annual aBP values range from as low as 140 gC m −2 in a temperate mixed forest (Wu et al. 2013 ) to 677 gC m −2 for a very fertile temperate forest (Vicca et al. 2012 ), the mean value being 366 ± 233 gC m −2 (Valentini et al. 1996; Knohl et al. 2003; Curtis et al. 2005; Granier et al. 2008; Vicca et al. 2012; Wu et al. 2013 ). This places Fig. 6 Intra-annual changes in woody aboveground biomass production efficiency (aBPE) for the alocrisol (S1) stand, corresponding to the ratio of the cumulated wood aBP obtained in a month to the cumulated monthly GPP calculated our results in the higher range (652 and 514 gC m −2 for the alocrisol and the calci-brunisol stations, respectively). Our aBP values were significantly different on the two stands. The alocrisol ecosystem produced more biomass than the calci-brunisol system, as found in Calvaruso et al. (2017) . This difference can be linked to the type of soil, its depth, and also the stand management history. In our study, this difference in aBP stemmed from very high C production by the dominant and co-dominant trees at the alocrisol station (data not shown). Taken individually, the dominant and co-dominant trees at this station had higher aBP when compared to the trees at the calcibrunisol station, where stem density was greater. Stem density did not compensate for lower C production since, per surface unit, aBP was nearly three times higher for dominant and co-dominant trees at the alocrisol station. Consequently, the difference in stand aBP is probably due to the higher aboveground biomass of the dominant and co-dominant trees at the alocrisol station at the beginning of the study year. The origin of this situation is not known, but soil nitrogen concentrations N (gN m −3 ) could provide an explanation. Nitrogen levels in the soil solutions from the first 10 cm were clearly higher throughout the study year for the alocrisol stand (0.8-2.0 mg N L −1 versus 0.6 to 1.6 mg N L −1 in calci-brunisol stand;
Kirchen, personal communication). This could explain the strong early growth observed on the alocrisol soil (Lawrence 2001; Finzi et al. 2007 ). The alocrisol also has deeper organic soil than the calci-brunisol; previous droughts could therefore have had more impact on development in the calci-brunisol ecosystem, thus hindering biomass acquisition and growth in 2014. The computed error for the calculation of monthly aBP from DMaw (in gDM) amounted to 15% when adding the errors that could stem from the different corrections applied (wood growth, wood C concentration, and wood density).
At both stands, we found quite a large variation in wood density during wood formation throughout the year. This phenomenon had already been observed (Rathgeber et al. 2016 ) and corresponds to the thickening of the cell walls. Our results reinforce the importance of including this variation in density when working on intra-annual biomass production, as Delpierre et al. (2016) have already highlighted. Indeed, not taking changing wood density into account and instead using the final value for all intermediate estimations would have led, in our study, to overestimating aBP by as much as nearly 50% for some periods, and by about 20% when these intermediate values were cumulated on an annual basis for 2014. This confirms that dendrometer measurements alone are not sufficient when attempting to understand the monthly dynamics of the C balance in forest ecosystems (Cuny et al. 2015) .
Efficiency
Throughout 2014, aBP was consistently lower than GPP for each period. GPP may not be the sole C source for aBP, as the C stored from the previous year could also provide C fuel. However, with our dataset, we were unable to trace the origins of C in the biomass produced as this would have required using other techniques such as isotopic tracing (Carbone et al. 2013) . The proportion of C in GPP not allocated to aBP could be expelled during Reco, stored in root BP (up to 24% of total GPP; Arneth et al. 1998) or devoted to the production of reproductive organs, but could also be given off in VOCs and exudates. The partitioning of the C between these different fluxes is not known.
Wood aBPE (0.34) is in the upper range of what can be found in the literature, with values from 0.11 for Quercus alba L./Quercus prinus L. (Malhi et al. 1999 ) to 0.38 for a Fagus sylvatica L. (Wu et al. 2013 ) with a mean overall value of 0.22 ± 0.12 for temperate forests (Ryan et al. 1995; Valentini et al. 1996; Granier et al. 2000; Barford et al. 2001; Curtis et al. 2005; Vicca et al. 2012; Wu et al. 2013) . Woody aBPE in our study presented a large seasonal fluctuation with a relatively symmetric trend. This shape was different from our aBP curve, thus revealing the occurrence of a discrepancy between the behavior of raw C flux (for biomass production) and the coefficient of allocation (for efficiency). The woody aBPE bell-shaped curve resembled the photoperiod curve; this may indicate synchronization without giving any causality, which should not be overlooked when allocation schemes are established in certain ecosystem models.
June and July are the months when the percentage of assimilated C allocated to aerial wood is the highest. This maximum-efficiency period is when high GPP most enhances wood production.
In addition to variation in annual BP-to-GPP ratio among forests (DeLucia et al. 2007; Vicca et al. 2012 ) that was already studied, we showed that there was also an important variation within a forest throughout the year. This variation is important to take into account in intra-annual studies as using a fixed value in forest models could result to an overestimation or underestimation of C allocated to biomass depending on the season.
Conclusion
This study demonstrates the importance of taking wood density into account when conducting seasonal monitoring of an aboveground wood carbon budget, since not doing so could result in an overestimation of woody aBP during some periods of the year of about 20%. Temporal variability in woody aBPE is important: maximum values occur during summer, reflecting trends for several other environmental variables and showing the importance of taking into account the variable allocation coefficient over time in a functioning forest model (Guillemot et al. 2017) .
